Surveys of indoor radon concentrations, when taken together with estimates of the risk of lung cancer from studies in miners of uranium and other hard rocks suggest that residential radon is responsible for many thousands of deaths from lung cancer each year in Europe. The vast majority of these deaths are likely to occur in individuals who also smoke cigarettes. Because of the skewed nature of the distribution of the indoor radon concentrations in most populations, most of the deaths will occur in individuals who are exposed at moderate rather than at very high radon concentrations.
Introduction
Surveys of the concentration of radon-222 gas in dwellings in various countries have been reviewed and summarized by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) (1) . Data are available for over 20 European countries and these show that average radon concentrations vary widely, from <25 Bq m -3 in the Netherlands, the United Kingdom and Cyprus, to over 100 Bq m -3 in Estonia,
Finland, Sweden, Luxembourg, the Czech Republic, Hungary and Albania (see Table 1 ).
For many countries, the variation in indoor radon levels within the country is enormous, and individual dwellings with radon gas concentrations above 10,000 Bq m -3 have been found in Finland, Norway, Sweden, Belgium, Germany, Switzerland, the United Kingdom, the Czech Republic, and Spain.
Studies of radon-exposed miners
Underground mines of uranium and other igneous rocks tend to have high concentrations of radon gas and, up until now, studies of the mortality patterns of radonexposed miners have formed the major body of evidence concerning the consequences of exposure to radon and its decay products. It is these studies, supported by studies on experimental animals and considerations of the distribution across the various organs of the body of the doses received after inhaling radon or its progeny, that have focussed attention on lung cancer rather than on other cancers (2) or on other diseases (3) . A recent worldwide review (3) has included over 60,000 miners from 11 studies (see Table 2 ).
These miners were employed for an average of 5.7 years and their average cumulative exposure, measured in terms of Working Level Months (WLM) was 164.4 WLM. This is approximately equivalent to living in a house with a radon concentration of 2,000 Bq m -3 for 20 years. By the end of the available period of follow-up, a total of 2,674 deaths from lung cancer had occurred and, in each of the 11 studies, there was an association between cumulative radon exposure, and risk of lung cancer that was unlikely to be due to chance (Table 2) .
Although the size of the radon-related increase in lung cancer risk varied by more than an order of magnitude between the different studies (see Table 2 ), analysis of the information in the individual studies revealed some clear systematic trends in risk. The relative risk of lung cancer (i.e. the proportionate increase in the age-specific risk of lung cancer) increased linearly with increasing cumulative exposure, both overall and in the region <600 WLM (5) , which is of greatest interest when considering the effects of residential exposures. After allowing for a minimum latent period of around five years between exposure and death, the percentage increase in risk was higher in the period around 10 years after exposure than at 20 or 30 years after exposure. Also, mines with low radon concentrations had a higher percentage increase in risk per unit exposure than mines with high radon concentrations or, equivalently, a given total exposure was associated with a greater increase in risk if it was received over a longer rather than a shorter time period. These systematic trends have enabled the US National Research
Council's BEIR VI Committee to summarize the effects of radon exposure in the miners' studies in a statistical model which can be used for predicting the effects of radon exposure in other populations (3) .
In most of the studies of miners, the majority of the men would have been cigarette smokers and this will have had an effect on their lung cancer risk that is likely to have been at least as big, or even bigger than, their radon exposure. Detailed smoking histories were not available in the miners studies, but for six of the studies there was some information on smoking habits and this has enabled separate dose-response relationships to be derived for lifelong non-smokers and for others. In both groups lung cancer risk increased with cumulative exposure and the increase in relative risk per unit exposure was about three times greater for never-smokers than others (3) . Therefore, as the absolute risks of lung cancer are at least 10 times higher in cigarette smokers than in lifelong non-smokers, these data suggest that the increase in absolute risk per unit radon exposure will be greater in cigarette smokers than in lifelong non-smokers by at least a factor of three.
Prediction of lung cancer risks from the miners' studies to the population of the

United Kingdom
Recent estimates suggest that the average annual dose of ionizing radiation received by population of the UK is 2,600 µSv (see Table 3 ). Although the UK has one of the lowest average indoor radon concentrations in Europe, radon accounts for half the total dose, and its contribution is more than three times that attributable to medical radiation, the next most important source.
Lung cancer is the commonest fatal cancer in the UK and is currently responsible for nearly 35,000 deaths per year in a population of 59 million people. Combination of the BEIR VI summary risk model for the risk of lung cancer with the average residential radon concentration in the UK, data on UK smoking habits, and data on lung cancer risks in lifelong non-smokers, suggests that active smoking is responsible for 89.4% of UK lung cancer deaths, and that residential radon is responsible for 6.5% or around 2275 deaths per year (see Table 4 ), making radon the second most important cause of lung cancer after cigarette smoking. Of the 6.5% of lung cancer deaths that are attributable to radon, 5.5% are caused by radon and smoking acting jointly, in the sense that the lung cancer could have been avoided either by avoiding smoking or by avoiding exposure to radon, and this suggests that a reduction in the number of people in the population who smoke would have a substantial impact on the number of deaths attributable to radon. There remains only 1% of lung cancer deaths in the UK attributable to radon acting alone.
Calculations such as those shown in Table 4 can be repeated for age-and sexspecific subgroups of the population and these suggest that 62% of the deaths attributable to radon occur in males (see Table 5 ), reflecting the fact that in the past males have, on average, smoked more than females. Also, it seems likely that twothirds of radon-attributable deaths occur in individuals aged between 55-74 years, with the remainder approximately equally divided between individuals aged 35-54 and 75+
years, and very few occurring in individuals under the age of 35 years.
The risk of lung cancer experienced by an individual will be determined both by smoking status and by residential radon concentration. At the UK average concentration of 20 Bq m-3, the cumulative risk of death from lung cancer by age 85 years in lifelong non-smokers is estimated to be around 0.8% (see Table 6 ). This would be reduced very slightly, to 0.7%, if residential radon concentrations were, hypothetically, brought down to zero while it would rise to 1.4% at 200 Bq m -3 , the level at which it is recommended in the UK that action be taken to reduce radon levels, and further to 2.2% at 400 Bq m -3 .
For cigarette smokers the cumulative risk of lung cancer by age 85 at zero radon exposure is much higher, at 29.1%. The predicted absolute increases in risk attributable to radon exposure are also much higher in smokers than in non-smokers, and the cumulative risk of lung cancer by age 85 are predicted to be 30.4%, 40.0%, and 49.3%
at radon concentrations of 20, 200 and 400 Bq m -3 respectively.
For a population of individuals the number of radon-induced deaths attributable to any given range of radon concentrations is determined not only by the individual risks but also by the distribution of residential radon concentrations. In the UK, as in most other countries, this distribution has been shown to be highly skewed with a long upper tail (4) . 
European studies of residential radon and lung cancer
In the studies of radon-exposed miners the average exposure rate is more than an order of magnitude greater than average indoor exposures, while the average duration of exposure is short, at less than six years. The miners are almost all adult males, and the available information about both their radon exposure and their smoking habits is crude and subject to sizeable errors. Furthermore, the conditions of exposure in the mines differ substantially from those in homes, with the miners carrying out substantial amounts of heavy work in an atmosphere polluted by dust and fumes. There is, therefore, great uncertainty in assuming that the effects of residential radon can be accurately predicted from models derived using data on the effects of radon in miners, and direct estimates of the risks of residential radon are needed.
The first direct studies of residential radon were carried out in Sweden and used building characteristics and ground conditions as indicators of the likely level of indoor radon concentration (7) (8) (9) . It was soon appreciated, however, that such surrogate measures were not sufficiently accurate, and more recent studies have measured indoor radon concentrations directly, usually by means of alpha-track detectors left in place for a substantial period of time in order to reduce the effects of diurnal and seasonal variation in radon concentrations. The studies either focussed on individuals who had been living in their present home for a substantial period of time or measured radon concentrations in past as well as present homes. To date, information on 14 such studies in Europe is available. These have been carried out in Sweden, Finland, the United Kingdom, Germany, the Czech Republic, Italy, Spain, Austria and France, and they include a total of over seven thousand individuals with lung cancer (see Table 8 ).
All but one have taken the form of a case-control study, in which detailed residential and smoking histories have been gathered for a series of individuals with lung cancer and a comparable series of control subjects who had not developed the disease. The remaining study was cohort in design and included all people who had lived in the Middle Bohemian Pluton for a period of 3 years since 1960 (17) . In most of the studies the average measured radon concentration was above 100 Bq m -3 , and within all the studies there was a wide range of radon concentrations.
After adjusting for smoking, all but one of the studies estimated that the risk of lung cancer tended to increase with increasing residential radon concentration and the estimates of relative risk at 100 Bq m -3 compared with 0 Bq m -3 ranged from 0.98 to 2.48 in the 14 studies. However, despite the large size of most of the studies and also the wide range of radon concentrations experienced by the subjects, the estimated effect of the radon was significantly different from no effect in only five of the studies.
Rather than measuring the current concentration of radon in the air of all the homes of interest, an alternative method of assessing residential radon histories is to estimate an individual's cumulative radon exposure. This can be done by considering the accumulation of the long-lived radon decay product Pb-210 implanted in the glass surface of an object, such as a picture frame, that has been on display in all the subject's homes over a substantial period of time. The long-lived Pb-210 gives rise to a shorter lived product, Po-210, which can be measured using passive alpha track detectors. From this measurement an estimate can be made of the cumulative radon exposure in the rooms where the glass object has been kept. The uncertainties associated with this method of estimating radon histories have not yet been fully documented, but it should largely address the difficulties caused by missing measurements in subjects' previous home, by random year-to-year variations in radon concentrations due to fluctuations in the weather, and by the fact that in some countries residential radon concentrations may have changed systematically over time, for example because of a tendency to reduce indoor ventilation rates (24) , which would mean that air concentrations measured at the present time would be systematically biased compared with previous values. At the present time only one European study has published a risk estimate based on cumulative exposure histories from surface monitors (25) . This included 110 subjects with lung cancer and 231 control subjects, all of whom were never smokers. The risk estimate obtained from the surface monitors was about twice that obtained for the same subjects from alpha-track measurements of radon gas.
European Collaborative Group on Residential Radon and Lung Cancer
It is impossible to obtain a satisfactory overview of the various studies of the effects of residential radon either from summaries such as those given in Table 8 . The European group has the objective of bringing together the original individual data from the European studies in such a way that, as far as possible, takes into account differences which may exist in the design of the studies, the smoking histories of individuals, or the radon dosimetry techniques employed in each study. Where it is appropriate, the data from the participating studies are being pooled to obtain more precise estimates of the risk of lung cancer from residential radon exposure, and the extent to which its effect is modified by smoking habits. It is possible that some of the existing studies of residential radon may suffer from design limitations that render them unsuitable for consideration in the Collaborative Analysis, and therefore the following criteria have been set up for participation in the group:
1. Subjects with lung cancer selected according to clearly defined criteria.
2. Control subjects selected according to explicit criteria and in such a way that they are representative of the underlying population from which the cases were drawn.
3. Detailed residential histories going back at least 15 years available both for subjects with lung cancer and for controls.
4. Long term measurements of radon gas obtained for the majority of residences occupied by subjects going back at least the previous 15 years. 5 . Data on individual smoking habits available for all participants gathered by interview or postal questionnaire from the subject in person or from his or her next of kin.
6. Information available on the completeness of the study, ie the proportion of the target groups of cases and controls that were included in the study.
All the studies listed in Table 8 with 200 or more lung cancers satisfied the above criteria and the investigators have joined the Collaborative Group. Many of the smaller studies also satisfied the criteria and some of the study investigators have also joined the Group.
In order to enable comparable data from all the participating studies to be prepared, a Common Data Format and uniform inclusion criteria have been agreed by the Collaborative Group. The principles of the analysis were also agreed in advance by the group and included a decision to focus primarily on the residential radon concentration in the 30-year period ending 5 years prior to the date of diagnosis of lung cancer (or comparable index date for controls). Many subjects had lived at more than one address during this 30-year period and, in deriving summary measures of the residential radon exposure for each study subject, account needs to be taken of this by weighting the measurements for the different addresses according to the length of time that each individual spent there. In addition, estimates need to be constructed for past residences in the 30-year period where no measurement could be obtained, to obtain summary measures reflecting the exposure history during the entire 30-year period.
It has been agreed by the Collaborative Group to base analyses of the association between residential radon and lung cancer on the method of maximum likelihood, and to carry out analyses that consider radon as a continuous variable as well as analyses that consider radon as a categorical variable and, for the analyses that consider radon as a categorical variable, the cut-points have been specified a priori.
Issues in the analysis of studies of residential radon
As mentioned above, the smoking of manufactured cigarettes is the major cause of lung cancer in most Western populations. None of the studies of residential radon and lung cancer have found a strong correlation between smoking habits and residential radon concentrations, but the risk of lung cancer resulting from cigarette smoke is so great (see Table 6 ) that even a weak correlation could have an important effect on the estimated radon risk unless its confounding effect is fully removed. Furthermore, it is essential to remove the possible confounding effect of smoking in a way that takes account of the fact that the risks of smoking will differ from country to country and may also differ between men and women within the same country. The reasons for this are that within the various different European countries, cigarette smoking became popular at different times, different products are smoked in different amounts, and within a country the smoking habits of men and women at any given time often differ substantially. For example, cigarette smoking became popular among men in the UK well before World War II, but among Italian females the habit did not become prevalent until well after it. The result of these differing trends in smoking habits is that in the studies of residential radon the apparent effect of smoking may well differ substantially from country to country and also between men in women in the same country. An example of the possible magnitude of such differences is shown in Table 9 in which the cumulative risks of death from lung cancer by age 75 are compared for two UK studies, one carried out in 1950 and one carried out 40 years later in 1990. Among lifelong nonsmokers, the risk was thought to be similar in men and women, and not to have changed with time. However, for current cigarette smokers the risk among men more than doubled between the two studies, while the risk among women increased by a factor of nearly 10. Table 9 also shows that the risks of lung cancer among former smokers, who now account for a substantial proportion of European populations, are substantially different both from the risks among lifelong smokers and from the risks among current cigarette smokers, and also that they differ between men and women.
Another issue that affects the assessment of the risks associated with residential radon is uncertainty in the assessment of radon concentrations. All the estimates shown in Table 8 have been obtained using standard statistical methodology in which it is assumed that the average radon concentration to which an individual has been exposed can be assessed without uncertainty. However, this assumption is usually violated in two different ways. Firstly, as already mentioned, in most of the studies there are some time-periods for which it is not possible to obtain a radon measurement for some individuals, for example, because the home previously occupied by the subject had been demolished and the best that can be done for such missing periods is to estimate the likely radon concentration based on measurements taken in other comparable homes in the same area. Secondly, even where it has been possible to obtain a measurement, the measured value will be subject to uncertainty in the sense that repeated measurements in the same home vary with a coefficient of variation of around 50% (27, 14) .
These two different sources of uncertainty will have different effects on the results of an analysis that has been carried out using standard techniques (28) . Missing values that have been replaced by estimates will cause confidence intervals to be wider than they would otherwise have been, and are undoubtedly a contributing factor in the low power of the case-control studies in shown in Table 8 . In contrast, the presence of uncertainty in measured residential radon concentrations will cause the estimated effect of the radon using standard techniques of analysis to be biased towards zero compared with its true value. For two of the case-control studies shown in the Table 8 , analyses have been carried out that take this bias into account (27, 14) . For these studies, the estimated relative risks of lung cancer at 100 Bq m -3 compared with 0 Bq m -3 using the standard methods were 1.10 (95% confidence interval 1.01, 1.22) and 1.08 (0.97, 1.20), while the estimates taking account of measurement uncertainty were somewhat higher, at 1.17
(1.03, 1.37) and 1.12 (0.95, 1.33). Thus, in both studies the effect of adjusting for measurement error has had a substantial effect on the estimated risks associated with residential radon.
Both the issue of careful adjustment for smoking and the issue of bias caused by uncertainties in the assessment of residential radon concentrations are being considered in detail by the European Collaborative Group in their analyses.
Conclusions
The indoor radon concentrations that have been observed in various European countries, when taken together with estimates of the risk of lung cancer based on studies of underground miners, suggest that radon is the second most important cause of lung cancer after smoking in most, if not all, European countries and that it is likely to be responsible for many thousands of deaths each year in Europe. The distribution of radon concentrations is highly skewed in most countries and therefore only a very small proportion of the deaths attributable to radon are likely to occur at the very highest radon concentrations, with a much larger proportion occurring as a result of lower radon concentrations, because of the much larger number of people exposed at these levels.
The vast majority of radon attributable deaths are likely to be caused in conjunction with cigarette smoke in the sense that the cancer could have been avoided by avoiding either the smoking or the radon exposure.
There is great uncertainty in predicting the effects of exposure to residential radon from the experience of occupationally exposed underground miners. To reduce this uncertainty more than a dozen detailed studies designed to estimate directly the risks Calculation used 1998 UK national data for numbers of lung cancer deaths, population size and smoking habits. Lung cancer death rate in lifelong non-smokers taken from a US prospective study of mortality, adjusted for the lower average radon level in the UK. Average radon exposure assumed to be 20 Bq m -3 . Radon risks taken from studies of underground miners using the BEIR VI exposure/age/concentration model with submultiplicative joint effect of smoking and radon. Radon risks taken from studies of underground miners using the BEIR VI exposure/age/concentration model for radon risks with submultiplicative joint effect of smoking and radon. (3) Lung cancer death rates taken from 1988 UK national data, a US prospective study for lifelong non-smokers (with adjustment for the lower average radon concentration in the UK compared with the US), and a recent study of UK lung cancers for cigarette smokers. If, for one particular category, the lung cancer rates per 10 5 in all the five year age groups before age 85 add up to c, then the cumulative risk by age 85 is 1-exp(-5c/10 5 ). Thus, cumulative risks depend only on age-specific lung cancer rates and not on competing causes of death. 
